Konstas AA, Neimark MA, Laine AF, Pile-Spellman J. A theoretical model of selective cooling using intracarotid cold saline infusion in the human brain. J Appl Physiol 102: 1329 -1340, 2007. First published December 14, 2006; doi:10.1152/japplphysiol.00805.2006.-A threedimensional mathematical model was developed to examine the transient and steady-state temperature distribution in the human brain during selective brain cooling (SBC) by unilateral intracarotid freezing-cold saline infusion. To determine the combined effect of hemodilution and hypothermia from the cold saline infusion, data from studies investigating the effect of these two parameters on cerebral blood flow (CBF) were pooled, and an analytic expression describing the combined effect of the two factors was derived. The Pennes bioheat equation used the thermal properties of the different cranial layers and the effect of cold saline infusion on CBF to propagate the evolution of brain temperature. A healthy brain and a brain with stroke (ischemic core and penumbra) were modeled. CBF and metabolic rate data were reduced to simulate the core and penumbra. Simulations using different saline flow rates were performed. The results suggested that a flow rate of 30 ml/min is sufficient to induce moderate hypothermia within 10 min in the ipsilateral hemisphere. The brain with stroke cooled to lower temperatures than the healthy brain, mainly because the stroke limited the total intracarotid blood flow. Gray matter cooled twice as fast as white matter. The continuously falling hematocrit was the main time-limiting factor, restricting the SBC to a maximum of 3 h. The study demonstrated that SBC by intracarotid saline infusion is feasible in humans and may be the fastest method of hypothermia induction. therapeutic hypothermia; ischemic stroke; spatial and temporal brain temperature distributions THE CENTRAL NERVOUS SYSTEM is vulnerable to focal and global ischemia resulting from acute ischemic stroke (63) and cardiac arrest (21). Therapeutic hypothermia has been repeatedly shown to be effective in limiting the damage of global and focal ischemia in animal models and clinical studies (6, 21) .
THE CENTRAL NERVOUS SYSTEM is vulnerable to focal and global ischemia resulting from acute ischemic stroke (63) and cardiac arrest (21) . Therapeutic hypothermia has been repeatedly shown to be effective in limiting the damage of global and focal ischemia in animal models and clinical studies (6, 21) .
In most clinical studies, hypothermia is induced by surface cooling. Although this is the simplest and most cost-effective option for inducing hypothermia (14) , it has two major drawbacks. 1) Several hours are required to reach the target body core temperature. All studies report a 3-to 7-h period for cooling to 32-34°C (26, 52) ; however, endovascular systemic cooling may be able to accelerate the rate of cooling and improve the efficacy of hypothermia (15) .
2) The incidence of adverse effects, such as impaired immune function, decreased cardiac output, pneumonia, and cardiac arrhythmias/bradycardias, is high (14, 31) . Selective brain cooling (SBC) without reducing body core temperature can theoretically address both problems of whole body cooling.
Different methods for SBC have been reported (18) . Noninvasive methods most commonly used are cooling caps and helmets. However, theoretical analyses (11, 44, 60) and empirical measurements (8, 35) suggest that such measures are effective in reducing the temperature in the superficial cerebral regions, but not in deep brain structures.
One potential method of SBC is intracarotid cold saline infusion (ICSI). Cold saline is infused into the internal carotid artery (ICA) via transfemoral catheterization. This method would potentially be much faster than whole body cooling and more effective than surface SBC.
The aim of the present study is to address three issues that determine the potential clinical feasibility of ICSI. 1) What minimum brain temperatures can be achieved by different rates of ICSI? 2) How rapidly can the ICSI cool the brain? 3) How will different infusion rates affect hematocrit, and will hemodilution limit the length of the procedure?
THEORY AND METHODS
In the first part of the present study, data were pooled from studies investigating the effect of hypothermia and hemodilution on CBF to derive an analytic expression of the combined effect of these two parameters on CBF during ICSI. In the second part, a hemispherical three-dimensional theoretical model was developed to examine the transient and steady-state temperature response to SBC with different flow rates of cold saline in the ICA. The effect of regionally reduced blood perfusion rates in the brain tissue during focal ischemia is also examined. The time to reach the target hypothermic temperature is estimated corresponding to different cold saline infusion rates in healthy and ischemic adult brain models. (See the Glossary in the online version of this article for the symbols used in this study.)
Criteria for inclusion of experimental studies in the present analysis. A PubMed search was performed for all studies that investigated 1) the effect of temperature on cerebral blood flow (CBF), 2) the effect of hematocrit on CBF, and 3) the effect of hemodilution on hematocrit. For studies of the effect of temperature on CBF, human and animal studies addressing the effect of temperature on CBF were pooled. For the effect of hematocrit on CBF, only human studies were included. Healthy subjects and subjects with various cerebral conditions were included. For the effect of hemodilution on hematocrit, only human studies of hypervolemic hemodilution using normal saline were included.
Effect of temperature and hematocrit on CBF. Michenfelder and Milde (39) demonstrated that lowering brain temperatures from 37 to 27°C decreased the metabolic rate by a factor of 3 (Q 10 ϭ 3). Thus metabolic heat production of the brain was formulated by Xu et al. (68) as follows q ϭ q 0 ⅐ 3 TϪ37 10 (1)
where q 0 is the baseline metabolic rate at 37°C and T is temperature. Animal studies suggest that, during circulatory arrest, the reduction of metabolic rate nearly parallels the decrease in CBF (22) . Moreover, there is direct evidence of coupling of CBF to cerebral oxygen metabolism from swine (12, 62) and dog (39) studies. However, there is also evidence of uncoupling between CBF and cerebral oxygen metabolism during deep (20 -26°C) and profound (Ͻ20°C) cooling (12, 39) . Given the data in the literature relating CBF to temperature, a more precise formulation of the exponential relation between these two quantities could be determined. It was assumed that CBF was coupled to cerebral metabolic rate with brain temperatures as low as 25°C; thus the temperature-dependent CBF could be expressed as
where 0 is baseline perfusion. Similarly, the relation between brain metabolism and temperature could be expressed as
Data points from the studies listed in Table 1 were fit by Eq. 2. The root-mean-square error (RMSE) between the data points and Eq. 2 was minimized by varying ␣ and ␤ through the unconstrained nonlinear optimization (fminunc function in Matlab). The RMSE was derived by subtracting the equation point values from the recorded data for corresponding temperatures, squaring the difference, summing, and dividing the result by the degrees of freedom (number of data points reduced by 2 because of the 2 data points that are needed to estimate the 2 parameters). Data for CBF changes at Ͻ25°C were not used in this analysis for two reasons: 1) temperatures Ͻ25°C are not likely to be used in therapeutic hypothermia, and 2) there is evidence of uncoupling between CBF and cerebral oxygen metabolism at deep (20 -26°C) and profound (Ͻ20°C) hypothermia, suggesting that autoregulation of CBF in accordance with metabolic needs is not preserved (12, 39) .
There is a nearly linear relation between mild and moderate hemodilution (Hct Ͼ30) and CBF (34) . Data points from the studies listed in Table 2 were fit by the following linear function
The mean RMSE between the data points and Eq. 4 was minimized by linear least squares fitting. In this case, the number of degrees of freedom was reduced by 1 to calculate RMSE. A linear relation similar to that of hematocrit and CBF at 37°C was assumed for all other temperatures (i.e., utilizing the same value of ␥). The combined effect of temperature and hematocrit on CBF was expressed as
where c is the temperature-and hematocrit-corrected perfusion.
Effect of infusion volume on hematocrit.
When the bloodstream is infused with isotonic saline, part of it enters the extravascular space. The remaining volume of saline hemodilutes the blood. An expression for the resulting change of hematocrit is
where V RBC is the total red blood cell volume, VIV(0) is the initial total intravascular volume (including VRBC), ⌬VIV is the volume of added saline, and p is the fraction of extracellular water that is intravascular. An initial hematocrit of 42% and a VIV(0) of 5.0 liters is assumed (implying VRBC ϭ 2.1 liters).
In the steady state, p is normally 0.25-0.33 (1) . However, since therapy will take place over relatively short periods of time relative to the time for intravascular volume to reach equilibrium, p should be somewhat higher in practice. To determine a working value of p, Eq. 6 was fit with the data in Table 3 by unconstrained nonlinear optimization. The number of degrees of freedom was reduced by 1 for calculation of RMSE.
Heat exchange between an insulated catheter and blood. From the femoral artery to the arch of the aorta, there is a counterflow between cold saline in the catheter and the blood. From the aortic arch and in the carotid artery, the coolant flows parallel to the blood. Heating of the cold saline flowing in the catheter is an important factor that determines the feasibility of ipsilateral intracerebral cooling. Hence, an experiment was conducted to determine the temperature increase of freezing-cold saline between injection at the femoral artery and the carotid artery bifurcation at different flow rates. A life-sized phantom model of the human arterial tree extending from the common femoral bifurcation to the ICAs (Flowtek) was used. Warm water was pumped continuously through the model, inflow via the ascending aorta and outflow via the common iliac artery and left ICA, to closely reproduce the blood flow in the human arterial tree.
To create a thermally insulated catheter, a 100-cm 5-F catheter (Torcon NB Advantage, Cook, Bloomington, IN) was inserted into a 90-cm 8-F guiding catheter (Cordis, Miami, FL), with the distal tip of the 5-F catheter extending 2 cm distally from the distal tip of the guiding catheter. The two catheters were glued together at the tip of the guiding catheter, resulting in an air-filled guiding catheter (since air is an excellent thermal insulator). The inlet temperature of the saline was lowered to subzero temperatures by addition of salt to the ice bath surrounding the saline bag. The insulated catheter was introduced to the model through the right femoral bifurcation, and the distal tip was navigated to the left common carotid artery bifurcation. Outlet temperature was monitored with a fluoroptic temperature probe (Luxtron, Santa Clara, CA) that was inserted into the 5-F catheter and reached within 1 cm from the tip of the catheter. A second probe monitored the inlet temperature, and a third probe was inserted via the right ICA to monitor the temperature of the warm water in the model. The outlet temperature was recorded for different saline flow rates. The resulting predicted temperature of the mixture of cold saline with blood (e.g., cold perfusate) was calculated as follows
where Tcp is the temperature of the cold perfusate and To is the outlet temperature. ICA blood flow was assumed to be 250 ml/min (4, 45, 50, 51) . Theoretical model of SBC using ICSI. The geometry modeled was a hemisphere of cerebral tissue with overlying layers of skull and scalp (11) (Fig. 1, A and B) . Appropriate physical and physiological characteristics were assigned to each component on the basis of values obtained from the literature ( Table 4 ). The scalp was assigned a thickness of 4 mm and thermal and perfusion characteristics that represent a blend of muscle, fat, fascia, and skin. The skull was assigned a thickness of 4 mm, low conductivity, and perfusion rate and metabolic rate typical of cancellous bone. The anatomic brain model had an 85-mm radius, yielding a volume of 1,285 ml, a value between that of the average human male and that of the average female brain (29) . The anterior circulation (ICA) carries 75% of the brain's blood supply and comprises 75% of the total vascular volume, while the posterior circulation (vertebrals) supplies the remaining 25%. These values accurately reflect the relative contributions of the anterior and posterior circulation, derived through color duplex sonography and phase-contrast MRI, that range from 67% to 82% for the ICAs (4, 45, 50, 51) . Given that the ipsilateral ICA perfused threequarters of the corresponding brain hemisphere, the brain volume receiving the intra-arterial cold perfusate was 482 ml, and the corresponding brain mass was 496 g. The model assumed no mixing of blood between the posterior and anterior circulations and a sharp demarcation of the two vascular sections without arterial boundary zones (Fig. 1) . The model differentiated between white and gray matter, because they have similar thermal properties but different metabolic and perfusion rates ( Table 4 ). The perfusion of the gray and white matter was 80 and 20 ml ⅐ min Ϫ1 ⅐ 100 g Ϫ1 , respectively, resulting in a mean brain perfusion rate of 50.6 ml ⅐ min Ϫ1 ⅐ 100 g Ϫ1 . The total perfusion for the ipsilateral anterior circulation was 256 ml/min, which was in strikingly good agreement with the assumed intracarotid blood flow rate used in the phantom model experiment.
Calculations of heat transfer were based on the accepted bioheat model proposed by Pennes (47) , which is represented by the following equation Values are from Refs. 11, 44, 60, and 68. c, specific heat; , mass density; k, thermal conductivity; 0, perfusion rate; q0, metabolic rate; r, radius. N/A, nonapplicable. *Saline was assumed to have the same physical properties as blood.
where T is temperature, k is tissue thermal conductivity, is density, c is heat capacity, c is hematocrit-and temperature-corrected blood perfusion, q is tissue metabolism (also corrected in the brain for temperature), t is time, and x ៝ is spatial location. The subscript "blood" signifies blood density and heat capacity; the subscript "artery" signifies arterial temperature (37°C without cold saline infusion). Tissue variables and parameters lack a subscript. For brain, Eqs. 3 and 5 were used to correct and q by hematocrit and temperature. Equation 8 implies that the rate of temperature change in tissue depends on three factors: 1) heat diffusion, 2) arterial perfusion, and 3) metabolism. This is a continuum model and assumes thermal equilibration between capillary blood and the surrounding tissues. Convective heat transfer between the layers was assumed to be negligible, and heat exchange between the layers was attributed to conduction only. This is appropriate, because the larger cerebral arteries are generally directed in an outward radial direction, with the smaller vessels branching in the circumferential direction (44) . The principal sites of blood-tissue heat exchange are small arterioles and capillaries; hence, the circulatory heat transfer in the radial direction is minimal. Heat transfer between the brain tissues of the anterior and posterior circulation and between the right and left hemisphere was attributed to conduction only.
Blood perfusion and metabolic rate of ischemic and healthy brain tissue are very different (54) . During ischemia, blood perfusion and metabolic rate in the ischemic core were reduced to 25% and 30% of their normal values, respectively. Blood perfusion and metabolic rate were reduced to 40% and 50%, respectively, in the evolving infarct (ischemic penumbra). These reductions in metabolic rate and perfusion are close to those reported in the literature (54) (10) where 0 and q0 are the blood perfusion and metabolic rates, respectively, under normal conditions (37°C) and c and qc are temperatureand hematocrit-adjusted parameters from Eqs. 2 and 5.
The ischemic stroke was modeled in the right (ipsilateral) frontal quadrant with the following angle demarcations: ϭ 16 -54°and ϭ 37.5-52.5°for stroke core and ϭ 18 -36°and 54 -72°and ϭ 15-37.5°and 52.5-75°for ischemic penumbra. The total stroke volume was 136.42 ml, and the volume of the core was 11.87 ml (Fig. 1C) .
For the territory of the brain perfused by the right ICA, it was necessary to modify the values of hematocrit (which affects perfusion) and T artery in Eq. 8 because of the cold saline infusion. Tartery is determined from Eq. 7. Similarly, an expression for the hematocrit dilution effect of the infusion is given by (12) where c is the temperature-and hematocrit-dependent brain blood perfusion from Eq. 5. However, since additional perfusate volume enters the brain in the ICA territory because of the ICA infusion, must be modified as follows for use in Eq. 8
ICA ͑r, , ͒ ϭ c ͑r, , ͒ ϩ c ͑r, , ͒ saline flow ICA blood flow (13) Figure 1D summarizes the relations between different physical and physiological components of the model (for more technical details concerning the model's formulation and boundary conditions see the APPENDIX in the online version of this article).
Effect of ICSI on systemic temperature: estimation of maximum theoretical systemic cooling. Average whole body temperature after saline infusion can be determined as follows
where h is specific enthalpy, c is the average heat capacity (0.83 kcal ⅐ kg Ϫ1 ⅐ K Ϫ1 ), and m is the mass of infused saline (37). The subscripts "i" and "e" represent inlet and exit, respectively. Equation 14 is based on the first law of thermodynamics and assumes that 1) the rate of heat transfer loss and the average rate of heat generation inside the body are equal (ϳ80 -100 J/s), 2) there is no work being performed, and 3) the patient weighs 70 kg and is able to excrete water and cold saline infusion at the same rate.
All data analysis and numerical simulations were performed in Matlab (Natick, MA).
RESULTS
The animal and human studies that investigated the relation between CBF and temperature are listed in Table 1 . Cooling methods used for each study included external systemic cardiopulmonary bypass and/or intracerebral, as well as extracorporeal, cooling. No study used saline infusion or other hemodiluting methods; hence, the CBF change can be attributed solely to the systemic temperature changes that are assumed to reflect corresponding brain temperature changes. The CBF change per 1°C change was very similar in the animal and human studies. Therefore, human and animal data in Table 1 were used to construct Fig. 2A , which shows the mean reduction of CBF with temperature drop. Exponential fitting of these data according to Eq. 3 resulted in ␣ ϭ 2.961 and ␤ ϭ 0.08401 (RMSE ϭ 18.8%), which are similar to values cited previously (11, 39, 68) .
Human studies that investigated the relation between CBF and decline in hematocrit (hemodilution) are listed in Table 2 . In the two studies that recorded the systemic temperature of the subjects before, during, and after hemodilution, no temperature changes were reported during the procedure (5, 42). In the other seven studies, temperature data were not reported (13, 19, 20, 46, 59, 61, 65) ; it was thus assumed that the CBF change can be attributed solely to hematocrit changes. Linear fitting of Eq. 4 resulted in ␥ ϭ 2.245 (RMSE ϭ 5.31%); i.e., CBF increased by 2.2%, on average, for each point of hematocrit reduction. Figure 2B illustrates the linear relation between decline in hematocrit and increase in CBF.
Fitting Eq. 6 with the data in Table 3 yielded p ϭ 0.4217 (RMSE ϭ 0.0149). This implies that, over short infusion periods, 42% of injected saline remains in the intravascular space. This is a higher value than the expected equilibrium proportion.
ICSI will decrease the hematocrit and the intracerebral temperature simultaneously. Figure 2C shows the combined effect of hematocrit and temperature reduction on CBF. A 10% decline in hematocrit increases CBF by 23%, whereas a 5°C temperature drop reduces CBF by 37%. Hence, the model suggests that hypothermia is the dominant regulatory parameter of CBF, over the physiologically relevant ranges of hematocrit and temperature, during ICSI. Table 5 summarizes the temperature of the cold saline at the outlet of the insulated catheter for different flow rates of the saline. These data were used to estimate the temperature of the cold perfusate flowing in the ICA (i.e., blood and cold saline). Higher flow rates resulted in lower temperatures of cold infusate because of the inverse relation of total heat transfer to flow rate. The decrease in heat transfer with increasing flow rate has been reported elsewhere (43) . Figure 3 shows the radial temperature distribution 60 min after different rates of saline infusion along the V-shaped A-B line, which starts at a latitude of 45°, descends to the centerbase of the brain, and ascends back to the same latitude, in a longitudinal plane from ϭ Ϫ135°to ϩ45°. This longitudinal plane dissects the posterior circulation territory of the contralateral hemisphere to the anterior territory of the ipsilateral hemisphere via the center of the brain (Fig. 1C) . Under steadystate conditions (no saline infusion), the white matter temperature was 37.3°C and was homogeneous. This represents deep brain temperature 0.3°C higher than body temperature. Brain temperature started to fall at the outer border of the gray matter. The scalp temperature was ϳ36°C. Cold saline infusion resulted in a dose-dependent drop in ipsilateral white and gray matter temperature. The minimum temperature of 29.8°C was reached with a saline infusion rate of 50 ml/min. Inter-and intrahemispheric temperature gradients from the heat conduction between the warm contralateral and cooled ipsilateral hemisphere were significant. Similar temperature gradients were observed between the anterior and posterior circulation territories of the ipsilateral hemisphere (results not shown). Figure 3 also shows the radial temperature distribution along the same V-shaped A-B line in a brain with ischemic stroke. Cold saline infusion resulted in a dose-dependent drop in ipsilateral white and gray matter temperature. The temperature drop for a given saline infusion rate was larger than the corresponding temperature drop in the healthy brain. For example, an infusion rate of 50 ml/min resulted in a minimum temperature of 28.2°C at the ischemic core. Table 6 summarizes the mean ipsilateral anterior circulation territory brain Table 1 . F, Baseline perfusion at 37°C and 42% Hct. Line represents best fit to data by unconstrained nonlinear optimization [root-meansquare error (RMSE) ϭ 18.36%]. B: CBF increases with hemodilution. All data points are from studies listed in Table 2 . Line represents best fit to data by linear regression (RMSE ϭ 5.31%). C: 3-dimensional surface representing combined effect of temperature and hemodilution on CBF according to Eq. 5. temperatures after 60 min of cold saline infusion in a healthy brain and a brain with stroke. The effect of different saline infusion rates on the transient temperature profiles of the gray and white matter of healthy brain is shown in Fig. 4 . Faster infusion rates resulted in faster rates of hypothermia induction and lower brain temperatures. The gray matter cooled faster than the white matter for any given infusion rate. Mild-to-moderate hypothermia (Ͻ35°C) was reached within 10 min for saline infusion rates Ͼ20 ml/min.
The temperature drop in the gray and white matter of ischemic stroke core, penumbra, and noninfarcted tissue is summarized in Fig. 5 . Here also, faster infusion rates resulted in faster rates of hypothermia induction and lower brain temperatures. Gray matter cooled faster than white matter for every tested infusion rate. The transient temperature profiles were distinctively different for the ischemic core, the penumbra, and the noninfarcted tissue for any given infusion rate. Hypothermia was induced almost twice as fast in the noninfarcted tissue as in the ischemic core. On the other hand, the ischemic core reached lower temperatures than tissue located in an identical location of healthy brain (Figs.  5, A and B, and 6 ). The transient temperature profile demonstrated that ischemic penumbra temperature was greater than core temperature but less than noninfarcted tissue temperature. Brain temperatures started to increase slowly but steadily after the minimum temperature was reached (Figs. 4 and 5) .
The ipsilateral carotid blood flow in a healthy brain and in a brain with ischemic stroke under different saline infusion rates is shown in Fig. 6A . According to baseline white and gray matter perfusion values and Eq. 12, ICA blood flow rate before cold saline infusion in a healthy brain was ϳ250 ml/min, corresponding to published values (4, 45, 50, 51) . Figure 6A shows that the initial blood flow rate was reset to Ͼ250 ml/min after induction of the saline infusion. The initial blood flow rate was lower in the brain with ischemic stroke (Fig. 6A) , because blood perfusion is lower in ischemic brain tissue (54) . In the case of stroke, saline infusion also reset the blood flow rate to higher values, although they still did not exceed 250 ml/min. Blood flow dropped rapidly in the stroke and nonstroke cases and started to increase soon after it reached the minimum rate. The minimum blood flow rate and minimum brain temperature were reached simultaneously (Figs. 4, 5, and 6A) . The slow 1C ). In the brain with stroke, A-B line passes through the stroke core. IACT, ipsilateral anterior circulation territory. Fig. 4 . Effect of different saline infusion rates on transient temperature profiles of gray (A) and white (B) matter in a healthy brain. Spatial location of temperature-sampling points is described in Fig. 1C (F) .
increase in ipsilateral carotid flow rate, which resulted from hemodilution, caused the slow secondary increase in brain temperature. Increasing blood flow rates resulted in a proportionally larger contribution of warm blood to the cold perfusate, thereby slowly increasing its temperature (Fig. 6B) . The lower ipsilateral carotid flow rates and the resulting lower cold perfusate temperatures (Table 5 ) in the brain with ischemic stroke account for the lower brain temperatures achieved in the brain with stroke. The decrease of hematocrit arising from saline infusion was estimated using data from human studies ( Table 3) . The effect of different rates of hypervolemic hemodilution on hematocrit, with the assumption of an initial hematocrit of 42%, is examined in Fig. 7 . After 60 min of saline infusion at 50 ml/min, hematocrit was predicted to drop to 33.5%. Lower infusion rates resulted in smaller systemic hematocrit changes. Because of the saline infusion, the hematocrit of the perfusate reaching the brain supplied by ICA blood (local hematocrit) is lower than the systemic hematocrit at any given time. This happens because the saline infusion will result in an instantaneous drop of the perfusate hematocrit owing to the addition of the saline volume to the ipsilateral carotid blood. For the region of the brain supplied by the ICA, it is more appropriate to follow the decrease of local hematocrit with time. In this case, 60 min of saline infusion at 50 ml/min in a brain with stroke decreased the local hematocrit to a minimum of 25%. The continuous drop of local hematocrit became the force increasing the carotid blood flow rate once the minimum brain temperature had been reached after ϳ15 min. The gradual increase in warm core blood flow rate resulted in an increase in perfusate temperature that slowly increased the temperature of the cooled ipsilateral anterior circulation territory in the brain.
The decrease in whole body temperature caused by a 1.8°C saline infusion, applied at a flow rate of 50 ml/min over 60 min, is approximated using Eq. 14 and is 1.82°C. This is the maximum theoretically possible systemic decrease in body temperature that is possible when the ipsilateral anterior circulation territory temperature has dropped to 30.57°C. In reality, the systemic cooling will probably be less than the maximum theoretical prediction. Cooling will primarily have a local effect, due to the nearly perfect local heat exchange in the brain vasculature (56) , resulting in a minimal drop of core body temperature. 
DISCUSSION
Novel aspects of the present model. The present theoretical model examines the effect of a continuously changing blood perfusion rate (CBF) and perfusate temperature on brain temperature. Previous mathematical models investigated the effect of transcranial cooling in humans and assumed a constant CBF and perfusate temperature (44, 60) or a continuously changing CBF and a constant perfusate temperature (11, 68, 69) . The models that employed a variable CBF as a function of temperature extrapolated the analytic expression for this relation directly from the expression for the metabolic heat generation as a function of brain temperature (Eq. 1) (11, 68, 69) , whereas the present model fitted data from studies to quantify the expression more precisely.
To the best of our knowledge, only one other theoretical brain cooling model incorporated an ischemic region; however, it did not distinguish between ischemic penumbra and core (11) . Using data for CBF and cerebral metabolic rate, the present model simulated the core and penumbra. In this study, blood perfusion data from patients assessed with PET and MRI were used to simulate the ischemic region of the brain (54) .
Implications of the results. The model suggested that, during ICSI, temperature is the dominant regulatory parameter of CBF. Moderate ICSI rates (i.e., 30 ml/min) are sufficient to induce mild-to-moderate hypothermia (33-34°C) in the ipsilateral anterior circulation territory. Higher saline infusion rates can decrease the brain temperature below 30°C. These results are in sharp contrast to theoretical analyses (11, 44, 60) and intracerebral temperature monitoring studies in humans (8, 35) , which demonstrate that transcranial cooling can reduce the temperature only in the superficial 1-2 cm of the brain. The proposed effectiveness of cold saline infusion and the corresponding ineffectiveness of cooling helmets to induce SBC support Baker's original statement that arterial temperature is the primary determinant of brain temperature (2) . In the present model, brain temperature was always Ͻ1°C higher than the corresponding perfusate temperature.
It is estimated that hypothermia will be achieved within 10 min of the initiation of cold saline infusion. This is 18 -42 times faster than the 3-7 h needed for whole body cooling by noninvasive methods (26, 52 ) and 10 -20 times faster than whole body endovascular cooling (15) . The present results suggest that ICSI is the only potential method of hypothermia induction with the ability to cool the ipsilateral brain fast enough so as not to miss the therapeutic window. Moreover, the fast induction of hypothermia may lengthen the therapeutic window and allow the combination with other interventions, such as intra-arterial tissue-type plasminogen activator and mechanical embolectomy.
ICSI is predicted to decrease systemic hematocrit and result in even larger reductions of local hematocrit. Saline infusion for 60 min at 30 and 50 ml/min decreased the local hematocrit to 31% and 25%, respectively. Decades of experience with cardiopulmonary bypass operations have established hematocrit values in the very low 20s as the lowest acceptable levels in terms of safety (7) . Thus, theoretically, hypothermia can be safely maintained for a maximum of 90 min at an infusion rate of 50 ml/min and 180 min at an infusion rate of 30 ml/min. Current evidence suggests that postischemic hypothermia in humans must be maintained for Ն12 h to be effective (21) . It is clear that ICSI cannot be maintained for Ͼ3 h. Its potential role in the management of ischemic stroke is as the "igniter" for rapid induction of hypothermia in order not to miss the therapeutic window. At the same time, systemic hypothermia can be applied via endovascular cooling for the maintenance of hypothermia after a couple of hours.
The present model makes a number of predictions about the temperature distributions in the brain. 1) The model predicts a steady-state preinfusion deep brain temperature that is 0.3°C higher than the body core temperature. This is the same deep brain-body core temperature gradient reported by Rossi et al. (49) in 20 neurological patients. 2) There is a small temperature gradient between the cerebral surface and deeper parenchyma under steady-state conditions. This gradient is consistent with data comparing superficial with ventricular or deep parenchymal temperatures in normothermic patients (36, 58) .
3) The model predicts significant inter-and intrahemispheric temperature gradients resulting from the heat conduction between brain tissues receiving warm blood supply and tissues receiving the cold perfusate. Similar temperature gradients have been reported in pigs (30) and dogs (64) undergoing SBC via anterograde cerebral perfusion of extracorporeally cooled blood. The agreement between the model predictions and the published human and animal data provide evidence of the model's fidelity to an in vivo scenario.
Limitations of the model. The present model has several limitations. 1) The geometry of the head was modeled as a hemisphere, but the real shape of the head is not exactly hemispherical. However, careful selection of an appropriate dimension yielded a brain volume of 1,285 ml, which is intermediate between the volume of the average male and the volume of the average female brain (29) . 2) The model used human thermal, physical, and physiological data for the four different tissues it incorporated (white matter, gray matter, skull, and scalp) but omitted the dura matter and the cerebrospinal fluid. This layer was omitted because it is too thin (ϳ2 mm) (44) , and the thermal properties of the cerebrospinal fluid are very similar to those of the brain tissue (11, 44) . 3) Pennes' equation describes a continuum model where heat and mass transport are averaged over a representative unit volume. Continuum models are not able to predict the variation in temperature in the immediate vicinity of large, discrete blood vessels. However, the results obtained from a discrete vessel thermal model agreed well with Pennes' continuum model (60) . 4) The present model assumes that the cerebrovascular response to hypothermia and hemodilution is near instantaneous. There are no data for the temporal characteristics of the cerebrovascular responses to hypothermia and hemodilution. However, initiation of local tissue hypoxia with sensory stimulation of cortical columns resulted in vascular responses within 1-3 s (32), indicating that the cerebrovascular response is fast. 5) Systemic cooling was not taken into account, and the core body temperature was clamped at 37°C. Hence, the carotid blood mixing with the cold infusate had a temperature of 37°C at all times. In reality, carotid blood temperature will drop slightly as the core body temperature falls due to cool jugular venous return. 6) Heat transfer between brain tissues of the anterior and posterior circulation territories and between the two hemispheres was modeled only by conduction. Convective heat transfer between the anterior and posterior circulation territories via the posterior communicating artery and between the hemispheres via the anterior communicating artery was not considered. The extensive pial collaterals of the anterior and posterior cerebral arteries were also excluded (10) . Moreover, modification of the flow dynamics between different brain regions by the stroke is possible (10) . The present model, however, does not take into account any blood transfer between these different brain regions normally perfused by the carotid or basilar arteries. 7) The model assumes that temperature and hematocrit control the CBF independently. In theory, it is plausible, although not likely, that a reduced hematocrit may modify the cerebrovascular response to hypothermia, and vice versa.
In conclusion, this model is an attempt to determine the feasibility of SBC with ICSI. The results suggest that SBC can be achieved rapidly using moderate saline flow rates. Moreover, infarcted brain tissue can reach even lower temperatures than noninfarcted tissue for a given saline infusion rate. These results are encouraging and call for a more extensive evaluation of invasive SBC in animal models of focal ischemia. If the extensive experience with endovascular procedures and the short therapeutic window after ischemic stroke are taken into account, invasive SBC is a realistic management option for ischemic stroke patients.
